Zinc plays essential roles in the early secretory pathway for a number of secretory, membrane-bound, and endosome/lysosome-resident enzymes. It enables the enzymes to fold properly and become functional, by binding as a structural or catalytic component. Moreover, zinc secreted from the secretory vesicles/granules into the extracellular space has a pivotal role as a signaling molecule for various physiological functions. Zinc transporters of the Slc30a/ZnT and Slc39a/Zip families play crucial roles in these functions, mediating zinc influx to and efflux from the lumen of the secretory pathway, constitutively or in a cell-specific manner. This paper reviews current knowledge of the ways these two zinc transporters perform these tasks by manipulating zinc homeostasis in the secretory pathway. Recent questions concerning zinc released into the cytoplasm from the secretory pathway, which then functions as an intracellular signaling molecule, are also briefly reviewed, emphasizing zinc transporter functions.
Approximately one-third of all proteins are targeted to the endoplasmic reticulum (ER). 1) Thus the early secretory pathway, comprising the ER and the Golgi apparatus, play key roles in regulating the folding, assembly, and transport of newly synthesized proteins, and modification and trafficking during the secretory process. 2, 3) Various cations are known to help maintain this homeostasis. The major example is the function of calcium in the lumen of the ER, which plays pivotal roles in protein synthesis, folding, and secretion. 4) Moreover, cationic essential trace elements are also critical to the secretory pathway. For example, copper is required for the activities of various cuproenzymes, such as multi-copper oxidases (ceruloplasmin/hephaestin) and lysyl oxidase, enzymes prerequisite to iron metabolism and the formation of connective tissues respectively. 5) Manganese in the Golgi apparatus is essential for N-linked and O-linked glycosylation, because most glycosyltransferases require it for their activity. 6, 7) Among these cations, zinc plays crucial roles in various secretory processes, because it is required for numerous secretory, membrane-bound, and endosome/ lysosome-resident enzymes as an essential component for their catalytic and structural activities. 8, 9) In addition, the activities of chaperone proteins, which are indispensable for secretory pathway functions, are potentiated by zinc. 10, 11) Zinc secreted into the extracellular space from the regulated secretory pathway acts as a signaling molecule, 12) particularly in synaptic neurotransmission. [13] [14] [15] Thus zinc acts as an active regulator in various cellular processes, rather than being merely a passive binding component of numerous proteins, at least in processes involving the secretory pathway. Therefore, to elucidate how zinc homeostasis and zinc dynamics are maintained in the secretory pathway is of great significance. This review outlines the functions of the zinc transporters involved in the early secretory and the regulated secretory pathways and characterizes their roles at a molecular level.
I. ZnTs and Zips: Essential Zinc Transporters
Over the last two decades, more than 20 zinc transporters have been identified and characterized. [16] [17] [18] [19] They are classified into two families: zinc transporter (ZnT: vertebrate cation diffusion facilitator family proteins, Slc30a family) and Zip (Zrt/Irt-like protein, Slc39a family). [20] [21] [22] Most ZnT transporters are predicted to have six transmembrane domains (TMDs), while Zip transporters have eight TMDs. ZnTs function in zinc efflux from the cytoplasm, while Zips move zinc in the opposite direction. The coordinated action of these two zinc transporters is essential to the maintenance of zinc homeostasis in the cytoplasm, and accumulating evidence indicates that this is also true of the secretory pathway. In fact, nearly half of the characterized proteins of the two families are localized to the early secretory and the regulated secretory pathways (Fig. 1) , and they play major roles in the regulation of the pathways.
II. Survey of ZnTs Localized to the Early Secretory Pathway
Numerous zinc-requiring enzymes become functional during the secretory process. These include many clinically important enzymes, such as matrix metalloproteinases, which modify the extracellular matrix during development and tumor metastasis, 23) angiotensinconverting enzymes, which control blood pressure, 24) and alkaline phosphatases, which are essential for bone mineralization, 25) and are important markers in clinical evaluation. Thus zinc transporters that move zinc into the lumen of the secretory pathway have significant roles. Of ZnTs localized to the subcellular compartments, ZnT5, ZnT6, and ZnT7 have been identified as locating to the early secretory pathway by virtue of sequence homology to other ZnT proteins and their homologs (Fig. 1) . [26] [27] [28] Recent studies have addressed their characteristics and functions at a molecular level (Fig. 2) , but are far from complete. Their ability to transport zinc into the lumen of the secretory pathway has been deduced from their subcellular localization and studies in several experiments such as zinc transport assay using radioisotope 65 Zn, growth inhibition analysis using yeast, and zinc-staining analysis using fluorescent zinc probes. [26] [27] [28] The results suggest that their zinc transport activities are not robust. Consistently with this, overexpression of ZnTs 5, 6, and 7 cannot confer significant resistance to high concentrations of zinc, unlike TGN-resident copper efflux transporters ATP7A and ATP7B, which make cells resistant to high concentrations of copper. 29) Moreover, the total cellular zinc contents of cells lacking ZnT5, ZnT6, and ZnT7 are not significantly changed and are similar to that of wild-type cells. 30) Thus, they do not operate to sequester or detoxify zinc, unlike ZnT2 and ZnT4, 21, 31) but are likely to load zinc to zinc-requiring enzymes biosynthesized in the early secretory pathway. Direct evidence to confirm this had been lacking, because overexpression of these ZnTs failed to show any effects on the activities of several zinc-requiring enzymes, but a system developed using DT40 cells, a chicken B lymphocyte-derived cell line, 32) overcame this difficulty. Combined gene disruption/re-expression experiments on ZnTs 5-7 using DT40 cells revealed that they are all required for the activation of tissue nonspecific alkaline phosphatase (TNAP), whose activity is wholly dependent on zinc (Fig. 3) . That is, TNAP activity in DT40 cells deficient in all of the genes for ZnTs 5-7 decreased significantly. 30, 33) In the deficient cells, the unfolded protein response (UPR) is exacerbated, as when wild-type DT40 cells are cultured under low zinc conditions, 34) probably because misfolding or incomplete assembly of zincrequiring enzymes increases due to decreases in the zinc content, or because residing zinc-dependent chaperone proteins monitoring and assisting protein folding are insufficiently activated. The expression of ZnT5 mRNA is transcriptionally upregulated by the UPR inducer in various cell lines, and this in turn is mediated by transcription factor XBP1 through the conserved TGACGTGG sequence in the À0:11 kb promoter region of ZnT5. 34) This suggests that zinc homeostasis in the early secretory pathway is strictly maintained by elaborate feedback mechanisms, which control the amount of ZnT5/ZnT6 heterodimers, and this is important to secretory pathway function (Fig. 4) .
Combinational re-expression of ZnTs 5-7 and coimmunoprecipitation experiments have indicated that ZnT7 forms homo-oligomers (probably homodimers), while ZnT5 and ZnT6 form heterodimers, activating TNAP in the early secretory pathway (Fig. 3) . 30, 35) The heterodimer formation of ZnT5 and ZnT6 is a unique The localizations of ZnT and Zip transporters are shown according to the information available to date. Green and red arrows indicate the direction of zinc mobilization by ZnT and by Zip transporters respectively. Extracellular zinc is taken up by various Zip transporters, and cytoplasmic zinc is mobilized into early secretory compartments such as the endoplasmic reticulum (ER) and Golgi apparatus, and into the regulated secretory pathways such as synaptic vesicles in neurons, insulin granules of pancreatic cells, and secretory vesicles in mammary epithelial cells. Several Zip transporters move zinc out of the secretory pathway. Specific transporters of both families are localized to the endosomes/lysosomes. ZnT5/ZnT6, heterodimers of ZnT5 and ZnT6. TGN, trans-Golgi network. Modified and reproduced with permission. 22) feature among ZnTs, because all ZnTs, except for ZnT5 and ZnT6, form homo-oligomers (homodimers), considering the demonstration of homodimer formation in the X-ray crystal structure of YiiP, the E. coli ZnT homolog, and the sequence similarity of ZnT proteins to YiiP. 36, 37) ZnT5 and ZnT6 have several unique features in their sequences, in addition to heterodimer formation (Fig. 2) . ZnT5 has an amino-terminal of nine TMDs fused to the carboxyl-terminal half of six TMDs (corresponding to the full length of the other ZnT proteins). 26) This region is not cleaved proteolytically, unlike Zip4, 38) and thus is thought to have important functions. However, the long amino-terminal TMD region of ZnT5 is dispensable for cellular functions such as heterodimer formation with ZnT6 and activation of TNAP. Instead, the cytoplasmic carboxyl-terminal tail of ZnT5 is unexpectedly important in determining the binding of ZnT6 as a partner molecule to form heterodimers. 35) On the other hand, ZnT6 is unique in that it has a serine (Ser)-rich loop between TMDs IV and V, even though most other ZnTs, including ZnT5, have a histidine (His)-rich loop at that position. The Ser-rich loop is dispensable in the zinc transport activity of the ZnT5/ZnT6 heterodimers, although it probably modulates the activity, in contrast to the indispensability of the His-rich loop of ZnT5. Moreover, ZnT6 is unusual in that it lacks two of the four conserved hydrophilic residues (two for histidine and two for aspartic acid) in TMDs II and V (Fig. 2) , 28) which are indispensable for zinc transport activity. 39) A mutagenesis study of these residues revealed that these conserved positions within TMDs II and V of ZnT6 are not involved in the zincbinding site of the ZnT5/ZnT6 heterodimers, and thus ZnT6 is unlikely to function in zinc transport across the cellular membrane. 35) Consistently with this, direct measurements of zinc transport have shown that ZnT5 is an essential component for zinc transport, while ZnT6 is catalytically nonfunctional. 40) Further investigation of these unique features should give a clue not only to understand how the ZnT5/ZnT6 heterodimers operate, but also to elucidate the molecular basis of the actions of the other ZnT proteins.
In vertebrates, two zinc transport complexes consisting of ZnT5 and ZnT6 (heterodimers), and ZnT7 (homooligomers) operate in the early secretory pathway. However, genomic studies of other eukaryotes have revealed that the ZnT5/ZnT6 heterodimers are the only complexes that function in most eukaryotes, except for Drosophila. 41) In yeasts, the Msc2p/Zrg17p (Saccharomyces cerevisiae) and the Cis4/ZRG17 (Schizosaccharomyces pombe) heterodimers are counterparts of ZnT5/ ZnT6, and play important roles in the early secretory The drawings at the top show the topologies of ZnT5, ZnT6, and ZnT7. ZnT5 and ZnT6 form heterodimers, while ZnT7 form homooligomers. ZnT5 has nine extra transmembrane domains (TMDs) in the long amino-terminal region. ZnT6 has a cytoplasmic Ser-rich loop between TMDs IV and V instead of a His-rich loop and two hydrophobic residues (black dots) in TMD II and V instead of the hydrophilic resides (white dots) in the other ZnTs. ZnT7 is predicted to have a canonical topology, and shows typical characteristics of other ZnT transporters and their homologs. Their characteristics are summarized below. ZnT5/ZnT6 heterodimers and ZnT7 homo-oligomers (probably homodimers) transport zinc into the lumen of the early secretory pathway and then activate zinc-requiring enzymes such as tissue nonspecific alkaline phosphatase (TNAP), although the mechanism of activation subsequent to zinc transport into the lumen remains unknown. TNAP is an ectoenzyme localized to the plasma membrane as a homodimer via a glycophosphatidylinositol anchor, which has two zinc ions in the active site of each monomer. pathway; they are required for proper functioning of the ER 42) and for Golgi membrane trafficking. 43) Moreover, yeast strains lacking these complexes are defective in ER-associated degradation and show increased UPR. 42, 44) Thus the cellular functions of the ZnT5/ ZnT6 heterodimers in the homeostatic maintenance of secretory pathway functions are conserved in evolution.
The heterodimer formation of ZnT5/ZnT6 appears to be somewhat strict in a species-specific manner. Coexpression of human ZnT5 and ZnT6 is required to complement the growth defects of msc2 or zrg17 mutant yeasts functionally. Despite that, expression of either fails to do so. 42) Similarly, co-expression of Caenorhabditis elegans ZnT5 and ZnT6 (toc-1) restores TNAP activity in DT40 cells lacking ZnTs 5-7 to an extent similar to human ZnT5/ZnT6 heterodimers, but coexpression of human ZnT5 and C. elegans ZnT6 (toc-1) or vice versa fails to do so (unpublished data). Coexpression of human ZnT5 and chicken ZnT6 and vice versa restores TNAP activity, 33) suggesting that these vertebrate proteins are mutually compatible. Although there are no satisfactory data on physical interactions between them, one possible reason for this speciesspecific manner of action is the sequence diversity of the cytoplasmic carboxyl-terminal tail among ZnT5 and its orthologs.
35) It should be interesting to investigate how the ZnT5/ZnT6 complexes changed evolutionarily while retaining their fundamental cellular functions. Furthermore, it is important to elucidate how the redundant functions and independent functions of zinc mediated by the ZnT5/ZnT6 and ZnT7 complexes are discriminated in the early secretory pathway, because ZnT5 and ZnT7 knockout (KO) mice show somewhat different phenotypes, although these discrepancies can be attributed to the differences in their expression patterns. [45] [46] [47] ZnT1 is known to locate predominantly to the plasma membrane, 48) but recently it was shown to locate to the ER by forming complexes with EVER proteins in human keratinocytes. The complexes affect intracellular zinc distribution and downregulate transcription factors stimulated by MTF1, c-Jun, and Elk. 49) This suggests that ZnT1 can also function to regulate the zinc contents in the early secretory pathway. Further investigation is required to clarify its participation in zinc homeostasis in the early secretory pathway.
III. Survey of ZnTs Localized to Vesicles/ Granules in the Regulated Secretory Pathway
Whereas ZnT5, ZnT6, and ZnT7 play important roles in the early secretory pathway, other ZnT transporters also function in physiologically important roles in a cellspecific manner. 16, 19, 22) Among vertebrates, some highly specialized cell types have cytoplasmic vesicles/granules accumulating high zinc contents. For example, pancreatic cells, 50) specialized glutamatergic neurons, 51) epithelial cells of the lateral prostate, 52) pigment epithelial cells in the retina, 53, 54) granular convoluted tubule cells of submaxillary gland, 55) pituitary secretory cells, 56) sperm cells, 57, 58) mast cells 59, 60) and secreting mammary epithelial cells 61) are known to have zinccontaining vesicles/granules. These are controlled as part of the regulated secretory pathway, and hence specialized specific zinc transporters must be in operation. Some ZnT transporters contribute to zinc supply in the lumen of the vesicles/granules. Below, three major questions concerning the regulated secretory pathways involving ZnT transporters and zinc are reviewed: pancreatic cells, glutamatergic neurons and mammary epithelial cells.
Pancreatic cells
Zinc in pancreatic cells plays a crucial role in facilitating zinc-proinsulin hexamer formation just after export from the ER, and subsequently crystal formation after proteolytic conversion from proinsulin to insulin in insulin granules. 62) Zinc-insulin crystals play a key role in the storage and maturation of insulin at supersaturating concentrations, ensuring appropriate insulin secretion. Zinc released from cells along with insulin performs important paracrine and autocrine functions in cells (inhibition of glucagon secretion) 63) and in cells (contribution to cell death). 64) This indicates that zinc-insulin crystal formation in insulin granules is also important to the homeostatic maintenance of pancreatic islets, and that zinc transporters fulfill a pivotal role in cells. Among the many zinc transporters expressed in pancreatic islets, ZNT5 was first identified as a ZnT associated with insulin granules in cells, 26) which suggests that it contributes to the formation of zincinsulin crystals. However, direct observation of the 34, 44) which activates transcription factor XBP1. XBP1 increases ZnT5 transcription, leading to increases in ZnT5/ZnT6 heterodimers, which enhances the zinc supply into the early secretory pathway and thus decreases the UPR. B, Feedback regulation in S. cerevisiae. Zinc deficiency induces an UPR, as in vertebrate cells, 44) and activates zinc-responsive transcriptional activator Zap1p. Zap1p upregulates ZRG17 transcription, 104) leading to increases in Msc2p/Zrg17p heterodimers, 42) which enhance the zinc supply into the ER, where these heterodimers are located. Note that similar feedback loops operate both in vertebrate cells and in S. cerevisiae, while the molecular mechanism is quite different. crystals in cells in vivo in ZnT5-KO mice showed normal dense cores composed of zinc-insulin crystals in insulin granules (Fig. 5A) , even though these mice showed malfunctions in other tissues and cells. 45, 46) Thus ZnT5 is not significantly involved in zinc-insulin crystal formation in cells. Instead, it must be important to the zinc supply into the early secretory pathway in cells, 65) with ZnT6, as described above (see Fig. 3 ). In terms of zinc transporters and diabetes, ZNT8, the highly cell-specific ZnT, is now receiving the most attention, because of its involvement in the etiology of both type-1 and type-2 diabetes. 66, 67) The nonsynonymous single nucleotide polymorphism (SNP) of the ZNT8 gene (rs13266634) is reported to be associated with high risk of type-2 diabetes. [68] [69] [70] [71] In ZnT8-KO mice, the zinc contents of cells decreased significantly and the dense core of zinc-insulin crystals is lost (Fig. 5B) , indicating that ZnT8 is indispensable for zinc-insulin crystal formation. 65, [72] [73] [74] ZnT8-KO mice display abnormalities in glucose tolerance, insulin processing and secretion, and body weight, although several discrepancies are present among these mice, probably because of differences in age and diet as well as strain. 65, [72] [73] [74] The association with type-2 diabetes and the results of KO mouse studies indicate that ZnT8 plays an indispensable role in -cell functions by transporting zinc into insulin granules. In addition, ZnT8 is now receiving attention as a type-1 diabetes autoimmunity marker, 75) and a recent report explains that the rs13266634 SNP determines ZNT8 autoantibody specificity. 76) 2. Glutamatergic neurons Zinc plays pivotal roles in the brain's functions, because synaptically released zinc interacts with various neuronal ion channels, transporters, and receptors, and modulates synaptic transmission and plasticity. 13, 14) ZnT3 is a critical transporter of zinc into the synaptic vesicles of glutamatergic neurons in the hippocampus and neocortex, 77) and ZnT3-KO mice showed depletion of synaptic vesicular zinc contents. 78) Unlike other ZnT transporters that transport zinc as Zn 2þ /H þ exchangers, 40) the zinc transport activity of ZnT3 is increased by vesicular glutamate transporter 1 expression, 79) and thus its trafficking to the synaptic vesicles by a brain-specific form of the AP-3 adaptor protein is essential for the activity. 80, 81) ZnT3 has received attention not only in terms of zinc physiology in the brain, but also pathogenesis, because zinc released from synaptic vesicles is implicated in -amyloid plaque formation, and the expression levels of ZnT3 might be an important factor in the onset of Alzheimer's disease. 82) Young ZnT3-KO mice do not show impairment in spatial learning, memory, or sensorimotor functions, 78) whereas older ZnT3-KO mice (over 6 months) exhibit age-dependent deficits in learning and memory associated with significant decreases in various hippocampal proteins.
83) The expression level of ZnT3 falls with age in mice and healthy older humans, 83) and thus synaptic zinc mediated by ZnT3 might be required to prevent aging-related deficits in learning and memory.
Mammary epithelial cells
The zinc in breast milk is essential for the growth and health of neonates. 84, 85) Milk zinc concentrations are considerably higher than those in the serum, suggesting that effective machinery for zinc uptake and subsequent secretion into milk is present in mammary epithelial cells. A heterozygous mutation in the human ZNT2 gene was found in women with low zinc concentrations in the milk, leading to transient zinc deficiency and dermatitis in the nursing child, 86) indicating that ZnT2, first identified as a protein involved in zinc transport into endosomes/lysosomes, 31) is also employed in the important function of transporting zinc into breast milk. A similar low zinc-secreting phenotype was found in a mouse with a loss-of-function mutation in the ZnT4 gene.
87) The lethal milk (lm) homozygous dam produces zinc-deficient milk so that pups suckling from her die before weaning due to zinc deficiency. 88) Thus ZnT4 is important for zinc transport into the milk in the mouse, although there have been no reports indicating mutations in the ZNT4 gene in women with low zinc breast milk. Lack of zinc in the submaxillary gland of lm/lm mice is described in one review, 21) suggesting that ZnT4 plays a role in zinc transport in the exocrine glands.
IV. Survey of Zips Localized to the Secretory Pathway
Because Zip transporters mobilize zinc in the opposite direction to ZnT transporters, 20) their functions in the secretory pathway are likely to decrease zinc contents, and thus probably act in fine tuning of the activity of various zinc-requiring enzymes, although bidirectional zinc transport dependent on zinc status has been found 74) in the yeast Zip7 homolog (Yke4p), located in the ER. 89) In fact, Zip9 in the Golgi apparatus plays a modulatory role in the activation of TNAP, which is probably reciprocal to the functions of ZnT5/ZnT6 and ZnT7 transport complexes. 90) In addition to Zip9, Zip7 and Zip13 are known to locate to the early secretory pathway and to regulate zinc contents in the lumen of the Golgi apparatus, 91, 92) suggesting that both Zip transporters also play modulatory roles in the activity of zinc-requiring enzymes, like Zip9.
Emerging evidence indicates that zinc released into the cytoplasm from the early secretory pathway fulfills critical functions as an intracellular signaling molecule in various cellular events. 12, 93, 94) The phenomenon of zinc release from the perinuclear area including the ER is called the zinc wave.
95) The mechanism of zinc release has not been elucidated, but these findings have drawn particular attention to Zip transporters localized to the early secretory pathway. 96) Indeed, Zip7-mediated intracellular zinc contributes to growth factor signaling in cancer cells, 97) and Zip13 is involved in the BMP/ TGF-signaling pathways by controlling the nuclear localization of Smad proteins. ZIP13 is required for connective tissue development, and hence a loss-offunction point mutation in the ZIP13 gene causes Ehlers-Danlos syndrome. 92, 98) These lines of evidence suggest that zinc mediated by ZnT transporters and stored in the early secretory pathway is released by Zip transporters and has various cellular functions. This might explain why ZnT5 is involved in cytoplasmic signaling in mast cells via regulation of the translocation of protein kinase C to the plasma membrane, which is required for late-phase allergic responses. 46) To date there have been no reports describing Zip transporter functions related to the cytoplasmic vesicles/granules of the regulated secretory pathway.
V. Perspectives
How zinc proteins capture zinc is a major question. Zinc insertion into zinc proteins might occur via zincmediated protein/protein interactions, that is, without zinc ever being free (the associative mechanism) or via free zinc ions (the dissociative mechanism), 99) but its molecular basis is unclear. Because there were estimated to be about 3000 zinc-binding proteins (almost 10% of total proteins) by a recent metalloproteome study, 100) chaperone proteins are unlikely to operate in zinc insertion in most cases, unlike other metals. 101, 102) However, unique zinc insertion mechanisms might operate in the lumen of the early secretory pathway, which is more oxidative than the cytoplasm. Hence it is important to clarify the zinc insertion mechanism in the early secretory pathway, subsequent to zinc transport by ZnT complexes. On the other hand, it is also important to elucidate how cytoplasmic vesicles/granules accumulate high levels of zinc in the regulated secretory pathway. In bacteria, compartmentalization of a metal is an elaborate mechanism enabling metalloproteins to receive the correct metal at the correct location. 103) Similar mechanisms might operate for zinc in the secretory pathway in a more complicated manner. Thus, it must be determined (i) when, where, and how in the secretory pathway ZnT and Zip transporters monitor zinc concentrations and control the influx and efflux of zinc, and (ii) when, where, and how in the secretory pathway zinc-requiring proteins capture and dissociate zinc mediated by ZnT and Zip transporters. The answers to these questions should help to clarify the points listed above and to make possible a better understanding of the molecular mechanisms of zinc dynamics, including zinc signaling, leading to new research areas in the field of zinc biology. like to thank the late Dr. Yuko Yamaguchi-Iwai, Associate Professor of Kyoto University, for her guidance and encouragement throughout this research. I also thank all my collaborators in this research, and the members of the Laboratory of Biosignals and Response, Graduate School of Biostudies, Kyoto University, for helpful advice and technical support. I thank Dr. Toshihiko Iwanaga for permitting the use of an electron micrograph of pancreatic cells of ZnT5 À=À mice, Dr. Yusuke Nakamura and Dr. Toshihiro Tanaka for providing ZnT5 À=À mice, and Dr. Frans Schuit for permitting the use of his photomicrographs of the cells of ZnT8 À=À mice. This work was supported by Grantsin-Aid from the Ministry of Education, Culture, Sports, Science, and Technology of Japan.
Addendum-Recently
Qin et al. (Proc. Natl. Acad. Sci. USA, 108, 7351-7356 (2011)) measured the steady-state zinc levels and zinc flux in the ER and Golgi apparatus by the use of genetically encoded zinc, and estimated free zinc concentrations in both organelles to be just under 1 pM.
